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Abstract 
In this paper we investigate the material quality of n- and p-type multicrystalline silicon wafers after different high-
temperature steps, as applied during cell processing. Both materials start with a high initial bulk diffusion length of 
around 440 μm (harmonic mean of the whole wafer) which is further improved by the solar cell process. A diffusion 
length of 510 μm was measured after phosphorus and boron diffusion and firing in the n-type material. The p-type 
wafers showed diffusion lengths of 540 μm after phosphorus diffusion and firing. These diffusion lengths were 
measured at a generation rate of 1/20 sun close to maximum power point injection conditions of a solar cell. At 
higher injection levels both materials reach 600 μm diffusion length. The high material quality of n-type material 
maintained after the high temperature boron diffusion is remarkable. An efficiency analysis shows that these 
excellent diffusion lengths allow for high efficiency devices exceeding 20% efficiency. 
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1. Introduction 
Published data of the material quality of n-type multicrystalline wafers is rare, especially after boron 
diffusion. Coletti et al. showed lifetimes of up to 100 μs measured by quasi-steady state 
15 cm-3 after boron / phosphorus co-diffusion and hydrogenation [1]. 
Libal et al. showed lifetimes of about 140 μs after boron diffusion measured by microwave 
photoconductance decay [2]. Fundamental investigations on the boron gettering efficiency in iron 
contaminated float zone samples were performed by Phang et al. [3]. Schön et al. analysed the boron 
diffusion gettering by simulations [4]. After phosphorus gettering diffusion Cuevas et al. measured 
lifetimes above 1 ms [5]. The effects of phosphorus gettering were also investigated by other authors [6, 
7].  
 
In this paper, we present data on n-type multicrystalline silicon (mc-Si) wafers which were subjected 
to the full cell processing conditions of a high-efficiency n-type boron front emitter and phosphorus back 
surface field cell structure and analysed by state-of-the-art characterisation techniques. P-type material 
with comparable crystallisation conditions is analysed in comparison. To elucidate the impact of the 
material quality on cell performance, we chose to report the harmonically averaged diffusion length 
measured at a generation rate of 1/20 sun with calibrated photoluminescence imaging. This facilitates the 
comparison of both material types and demonstrates the material quality close to maximum power point 
(MPP) conditions of a solar cell. Furthermore, we analyse the impact of the injection level dependent 
diffusion length on the solar cell in different operating conditions. 
 
2. Experimental approach 
The experimental matrix applied to 125×125 mm² n-type and p-type mc wafers is shown in Fig. 1. 
Both materials were crystallised at REC with comparable conditions. n-type 
material is 1.0  cm (ND = 15 cm-3) and that of the p-type material is  cm 
(NA = 15 cm-3). The initial samples were saw damage etched and then surface-passivated. The 
diffusions were conducted in tube furnaces using POCl3 as phosphorus and BBr3 as boron source. The 
phosphorus diffusion process (1 hour at 800°C) results in a sheet resistance of 140 Ohm/sq. The sheet 
resistance of the boron diffusion (1 hour at 890°C) is 90 Ohm/sq. The remaining three groups which were 
 
Fig. 1. Process sequence for the four groups of multicrystalline lifetime samples (sister wafers). Abbreviations: phosphorus 
diffusion (PD) and boron diffusion (BD) 
 Bernhard Michl et al. /  Energy Procedia  33 ( 2013 )  41 – 49 43
subjected to diffusion processes were surface-passivated after etch removal of the diffused layers. All 
(initial and processed) n-type sister wafers were surface passivated by a high-quality PECVD a-SiCx(n)-
layer deposited at a temperature of 300°C. All p-type sister wafers were passivated by ALD aluminium 
oxide annealed at a temperature of 375°C. Both surface passivation schemes ensure that the measured 
effective lifetimes are essentially bulk lifetimes and that surface recombination is not injection-dependent. 
For the n-type samples two wafers per group were processed; the samples in one group show comparable 
results. For the p-type samples one wafer per group was processed to the end due to wafer breakage. 
Spatially resolved minority carrier bulk lifetime maps were measured by photoluminescence imaging 
(calibrated by QSSPC with the sensitivity function from [8]) at a generation rate of 1/20 sun. We chose 
this low generation rate in order to measure at injection conditions close to MPP conditions of a cell. A 
short pass 1000 nm filter inserted in front of the camera reduces optical blurring [9]. The p-type samples 
were measured after light-induced degradation. 
The minority carrier lifetime ( min) maps were converted to diffusion length (Lmin) maps based on the 
relationship Lmin = (Dmin min)1/2 where Dmin is the minority carrier diffusivity of the wafers (n-type: 
Dmin = 11.64 cm²/s, p-type: Dmin = 28.82 cm²/s). To obtain the averaged diffusion length of the whole 
wafer Lmin,av we calculated the harmonic mean of the maps [10]: 
 
 
 
The diffusion length is better suited than the lifetime as a figure of merit for comparisons of material 
quality between both material types as the cell efficiency is determined by the diffusion length for equal 
dark resistivity . In contrast, comparing min as a figure of merit involves the problem that p- and n-type 
samples with identical base resistivities will have very different minority carrier diffusion constants and 
thus identical lifetimes will not result in the same performance. The diffusion length can be related 
analytically to the three key quantities defining cell efficiency, the short-circuit current density Jsc, the 
open-circuit voltage Voc and the fill factor FF. Jsc is a quantity related to the geometrical parameter Lmin 
[11, p.123]. The relationship between Voc and diffusion length can be derived as follows [11, p.53/98]: 
 
                    (1) 
 
Where nmin and nmaj are the minority and majority carrier concentrations respectively, ni is the intrinsic 
carrier concentration, Ndop is the doping concentration, D is the diffusivity, and G is the generation rate. 
LLI stands for low level injection condition and is consistently applied throughout this study as a first 
approximation. In the denominator, the product of minority and majority diffusivity appears, which is 
only slightly smaller for p-type compared to n-type since the higher Ndop for the same base resistivity 
leads to increased scattering at dopant atoms. The third important parameter for the efficiency is the fill 
factor. The pseudo fill factor PFF focuses on material quality without technological series resistance 
effects and is therefore best suited for material characterisation. The PFF is calculated from the injection 
dependence of Voc and Jsc. Thus, all three parameters depend only on diffusion length for equal dark 
resistivity and low injection conditions. 
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3. Results 
3.1. Diffusion length 
The bulk diffusion length maps and histograms at 1/20 sun generation are shown in Fig. 2 (n-type 
wafers) and Fig. 3 (p-type wafers). Both materials start with a high initial diffusion length of around 
440 μm. The phosphorus diffusion gettering at 800°C and the hydrogenation during contact firing leads to 
strong improvements for both materials (p-type: 540 μm, n-type: 770 μm). In some regions of the n-type 
wafer the diffusion lengths reaches even 1870 μm which corresponds to a lifetime of 3 ms. It is 
interesting to take a closer look at the low diffusion lengths in the histograms representing the 
dislocations and grain boundaries: For the n-type material, the recombination at dislocations is decreased 
in the PD+Firing samples compared to the initial state. This is not the case for the p-type material.  
 
  
global value 450 μm 
 
global value 770 μm 
 
 
  
 
 
 
 
μm 
 
  
global value 510 μm 
 
global value 510 μm 
 
  
Fig.2.  Spatially resolved diffusion length images and histograms of n-type mc-Si sister wafers at a generation rate of 1/20 sun 
after different processing steps. The resistivity of the wafers is 1.0 140 μm. 
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The boron diffusion has to be conducted at higher temperatures of 890°C. This involves the risk of 
degrading the material due to the dissolution of metal precipitates. In the investigated p-type material, 
very low diffusion lengths after boron diffusion and firing (BD+Firing) are obtained as a result of the 
material degradation. These values are better if a preceding phosphorus diffusion is applied but are still on 
a low level of only 110 μm. Interestingly, the n-type material even improves due to boron diffusion 
gettering and hydrogenation (BD+Firing) compared to the initial state. After the full process sequence 
(PD+BD+Firing), while high values of 510 μm could be measured in the n-type material, these are still 
lower compared to the PD+Firing n-type samples. This means that the full material potential cannot be 
exploited due to the boron diffusion. 
 
To further explore the reasons of low diffusion lengths after boron diffusion in the p-type material we 
measured the interstitial iron (Fei) concentration [12]. A very high concentration of around 1 1012 cm-3 
was found. This completely limits the material quality in the p-type material. Due to the by orders of 
magnitude lower capture cross section for holes ( n -14 cm2, p -17 cm2, [13]) the same 
amount of Fei is not limiting in n-type material. 
 
  
global value 430 μm 
 
global value 540 μm 
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global value 80 μm 
 
global value 110 μm 
 
  
Fig. 3.  Spatially resolved diffusion length images and histograms of p-type mc-Si sister wafers at a generation rate of 1/20 sun 
. 
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In conclusion, the n-type wafers were superior to the p-type wafers in all investigated processing 
groups. However, one has to consider that no boron diffusion is needed in p-type high efficiency 
processing. Considering the cell process sequence, it is fair to compare the p-type PD+Firing sample 
with the n-type PD+BD+Firing sample, where the diffusion lengths are comparable. These values 
represent the material quality at a fixed generation rate. The injection level dependence of diffusion 
lengths for the two materials is depicted in Fig. 4 and shows excellent mean diffusion lengths of up to 
600 μm in both materials. This corresponds to a minority carrier lifetime of 125 μs in the p-type wafer 
and of 309 μs in the n-type wafer. The injection level dependence shown in Fig. 4 is mainly due to 
impurities attached to grain boundaries and dislocation clusters. For an analysis of the efficiency potential 
of both materials, we consider the impact of the injection dependence on the solar cell parameters in the 
next section. 
3.2. Efficiency analysis 
An in-depth analysis on the efficiency potential can be performed using the ELBA procedure 
imiting bulk recombination ana  described in [9]. Herefore, we measure the full 
injection dependence for every image pixel. The advantage is that the bulk recombination is evaluated at 
injection levels simulating real world operating conditions of all three IV parameters (Voc, Jsc, fill factor) 
of the solar cell. For the n-type cell process, the PC1D model is adjusted to the cell process used in [14] 
which demonstrated experimental cell efficiencies of up to 20.8% using monocrystalline substrates. In 
mc-Si, Random Pyramids texture is not used, thus the front reflectance is taken from a measurement on a 
Honeycomb textured sample from [15]. Neglecting series resistance losses and assuming maximum 
lifetimes, the maximum simulated cell efficiency of this cell model is 21.1%. For the p-type cell, a PERC 
and optics is 
assumed to facilitate a comparison between both materials. The dark resistivity of both models is adjusted 
e investigated samples and the cell thickness is chosen to be 150 μm. 
 
Fig. 4. Injection-dependent diffusion length of the n- and p-type samples after full solar cell processing. The position of open-
circuit (diagonally-striped), short-circuit (horizontally-striped) and MPP conditions (filled) are highlighted with enlarged 
symbols. 
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Table 1 shows a comparison of the global cell parameters simulated from the measured injection-
dependent recombination regarding the full wafer area of the n- and p-type material. As the dark 
resistivity of both models differs, the maximum achievable Voc and Jsc values in the limit for very high 
diffusion lengths also differ slightly. However, the efficiency potential was adjusted to be the same. It has 
to be noted that the limit of the ideal fill factor FF0 equals the PFFbulk for constant Lbulk. That means that 
the cell models have no intrinsic injection-dependent losses.  
 
Material-induced losses in Voc are slightly higher in the p-type material which is surprising as the 
diffusion length curve of the n-type material is below the p-type curve (see Fig. 4). The reason is on the 
one hand that the higher lifetime in the n-type wafer leads to a higher injection level. Therefore the 
diffusion lengths at open-circuit conditions are comparable. On the other hand, in the p-type cell model 
Voc is slightly more sensitive to low diffusion lengths due to the higher dark resistivity. This small effect 
cannot be explained in strict LLI, as it is a consequence of nmaj = Ndop + nmin in the logarithm of Eq. (1). 
Compared to a 1.0  cm p-type cell the lower Ndop of the 1.55  cm cell leads to a higher sensitivity of 
Voc on the minority carriers. Losses in short-circuit current are higher in the n-type material as the 
diffusion length is lower at such low injection levels. The stronger injection dependence of the n-type 
material can be seen in slightly higher losses in the bulk limited pseudo fill factor PFFbulk. Locally the 
spatially resolved analysis (see Fig. 5) shows 2%abs reduced efficiencies in areas with high dislocation 
density. Averaged on the whole wafer it has to be highlighted that even under maximum power point 
conditions at an excess carrier density of around 3 1013 cm-3 the diffusion length is above 400 μm for both 
materials. This is more than twice the wafer thickness of typical cells today. Considering future thickness 
 n- PD+BD+Firing  
global value 20.6% 
p- PD+Firing  
global value 20.6% 
 
% 
 
  
Fig. 5.  Spatially resolved images of the pseudo efficiency from the measured injection-dependent recombination and cell 
simulation after the ELBA method described in [9]. 
Table 1.  Global simulation results based on the bulk recombination measurement of the n-type PD+BD+Firing  
and the p- PD+Firing  
 Maximum of PC1D model Simulated from lifetime measurement of mc-Si after process sequence 
     Lbulk at corresponding injection level 
 n-type p-type n-type p-type n-type p-type 
Voc [mV] 655 650 649 642 590 μm 600 μm 
Jsc [mA/cm²] 38.4 38.7 38.1 38.5 440 μm 490 μm 
fill factor [%] 83.9 (FF0) 83.8 (FF0) 83.1 (PFFbulk ) 83.2 (PFFbulk) 440 μm 500 μm 
 21.1 0) 21.1 0) 20.6 bulk) 20.6 bulk)   
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reductions to below 100 μm, it will be more than 4 times the wafer thickness. The efficiency for such 
high diffusion length values is only about 0.5%abs lower than the ideal efficiency on Float Zone Si 
material for a 150 μm cell, for thinner cells this gap gets even smaller. In this context, large area n- and p-
type mc-Si cells above 20% would seem feasible. 
 
4. Conclusion 
In this study we demonstrate the superior material quality of the investigated n-type mc-Si compared 
to the p-type mc-Si after each of the high temperature steps. Of special interest is the impact of the boron 
diffusion needed for a front emitter n-type solar cell. The high temperatures of 890°C degraded the p-
type, but not the n-type material. A high amount of interstitial iron could be identified as the reason for 
the low material quality of the p-type mc-Si after boron diffusion. Nevertheless, it has to be pointed out 
that p-type cell processing would normally only include phosphorus diffusion and contact firing. In 
contrast, an n-type phosphorus back surface field cell includes phosphorus and boron diffusion plus 
contact firing. Taking into consideration this difference, an in-depth material quality analysis with the 
ELBA method revealed that the post cell processing material quality of n- and p-type mc-Si is 
comparable. The very high diffusion lengths allow for high efficiency devices exceeding 20% efficiency. 
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